Abstract-The velocity time sequence at different vertical locations in a turbulent boundary layer has been finely measured by IFA300 constant-temperature anemometer with resolution higher than the frequency that corresponds to Kolmogorov dissipative scale. The velocity signals are decomposed into multiscale eddy structures by wavelet transform, which describes the local averaged structure function and relative strain distortion for multi-scale eddy structures in turbulent flows. The temporal scales of multi-scale coherent eddy structures are determined by auto-correlation function. A conditional sampling technique for multi-scale coherent eddy structures detection from simultaneous turbulent field has been introduced using multi-scale instantaneous intensity factor and multi-scale flatness factor of wavelet coefficients. Coherent eddy structures for different scales are extracted by this technique and the dynamics course of multiscale coherent eddy structures is studied by their phase averaged velocity evolution shapes. Extended self-similarity scaling law is calculated using wavelet coefficients, and the influence of coherent eddy structures on extended self-similarity scaling law is also analyzed. The multi-scale coherent eddy structure evolution shapes extracted from turbulent field at small scales are similar and they are responsible for the anomalous scaling law in boundary layer. When such multi-scale coherent eddy structures are eliminated, intermittency anomalies are no longer observed and the Kolmogorov linear scaling prediction is resumed.
INTRODUCTION
It is universally accepted that coherent structure is the most important structure in turbulence, which plays important role in momentum, energy and mass transfer, as well as maintain and development of turbulence [1] . The theory and experimental research on coherent structure is the new access by which we understand essence of turbulence and ultimately control turbulence [2] .
Turbulence is made up of multi-scale eddy structures [3] , which form the turbulent fluctuations. The turbulent fluctuation contains a lot of information about turbulent structure at different scales.
Wavelet transform is a new mathematic technique developed recently [4] . "Eddies" provides the most suitable elementary representation of turbulent flow [5] . Eddy and wavelet share features in many physical respects, and wavelet can be considered as the mathematical mode of an eddy structure in turbulent flow [6] .
Coherent structures exist not only in large scales, but also in small scales. As indicated by Sandborn [7] in 1959, who analyzed band passed signals, the presence of low speed streaks might be indicated by "bursts in the over all frequencies". G Ruiz Chavarria [8] , F.Toschi [9] [10], R. Camussi [11] , Ciguel Onorato [12] discovered that multi-scaling coherent structures exist in turbulent channel flow and in turbulent boundary layer, moreover coherent structures at each scale have strong intermittency.
The research on the intermittency of multi-scale coherent structures in shear turbulent flows has important significance [13] [14] . The relationships between multi-scale coherent structure and the intermittency of turbulent flow can be obtained through calculating the scaling exponents of the p-th order moments of wavelet coefficients modulus in different scales. Through numerical simulations and experimental investigation, it has been accept that scaling exponents of the p-th order moments of velocity structure function are nonlinear function of p, which unlike the Kolmogorov's prediction in 1941 of linear scaling law 3 / p p [15] . Thus, it was known as anomalous scaling law, which is related to the intermittency of different scale coherent eddy structures [16] . Using the detection criterion for multi-scale coherent eddy structure, the anomalous scaling law, as well as intermittency of turbulence, is found to be dependent on the probability density functions of wavelet coefficients with different scales. Extended self-similarity (ESS) form of scaling, proposed by Benzi [17] , has been used to analyze the intermittency of wavelet coefficients of the longitudinal velocity component.
The advance of research on the intermittency of multi-scale coherent structures in shear turbulent flows is helpful for bringing forward faster and more sensible numerical simulation method based on the decomposition of turbulent multi-scale structures. M. Farge [18] has recently put forward a coherent vortex simulation method based on wavelet decomposition. The coherent vortex decompositions based on wavelet decomposition instead of wave number decompositions based on spectrum generally used before.
II. MULTI-SCALE COHERENT EDDY STRUCTURE DETECTION BY WAVELET TRANSFORMS
Wavelet transform[4] allows a signal to be unfolded into both physical space and scale space by convoluting the signal with a given analyzing function called wavelet. Wavelet is a local oscillation or perturbation with definite scale and limited scope in certain location of physical time or space. It provides the most suitable elementary representation of turbulent flows. Fig.1 presents the time trace signal of instantaneous longitudinal velocity measured by hot-wire probe in turbulent boundary layer with its wavelet coefficients contour. From the standard plane representation of the wavelet coefficients, it can be seen that there exist one-to-one events at different positions and different scales correspond to the signal. A typical process in which a large eddy creates two or more small eddies can be seen clearly. This subdivision repeats until eddies reach the scale at which they are readily dissipated by the fluid viscosity. In turbulent boundary layer, the colorful spots have special physical meaning related to the coherent structures burst. The red spots represent the accelerating events at different scales which are the high-speed fluids sweep; while the blue spots stand for the decelerating events which is the low-speed fluids eject from the near wall region.
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The first qualitative indicator of intermittency is the intermittency factor of wavelet coefficients:
which gives an unambiguous intensity characterization of the local activity of the eddy structures at each scale. The second indicator of intermittency is the mean intensity factor of the wavelet coefficients:
where denotes statistical average over the sampling time. In order to detect the multi-scale coherent eddy structure in turbulence, a educe method by conditional sampling scheme using the intermittency factor of wavelet coefficients, is used to extract the phase-averaged evolution course for multi-scale coherent eddy structures in wall turbulence. . A scale corresponds to the peak of energy contributions. This energy maximum is related to the largescale coherent structures in turbulent boundary layer and is called burst. Coherent structures are found to be particularly important eddies and they are a major contribution to the production of turbulence in turbulent boundary layer. As can be seen, for buffer layer, the maximum energy scale is scale 8, while for logarithm-law layer; scale 7 is the maximum energy scale. The flatness factor FF by averaging the 4-th power of the modulus of wavelet coefficients over the temporal location parameter t at each scale a is shown in Fig.3 . Flatness factor decreases with scale from significantly larger than 3 to about 3. In comparison to Fig.2 , the flatness factor at scales less than the most energetic scale correspond to the peak of energy contributions satisfies FF , which indicates that lots of intermittent structures satisfying , namely coherent structures, exist. While in scales larger than the most energetic scale correspond to the peak of energy contributions, the flatness factors almost satisfy , which indicates that few coherent structures satisfying FF exist [19] . 
III. EXPERIMENTAL APPARATUS AND TECHNIQUE
The experiment has been performed in a low turbulent level wind tunnel. The working section, length is 4500mm, with cross-section is welding rectangular of height 450mm and width 350mm, adopted controllable silicon timing system, power of 7.5Kw. Wind velocity in test section continuously varies from 1.0m/s to 50.0m/s, and primal turbulent level is less than 0.07%. The test flat plate is fixed on the horizontal center of the test section, parallel with the direction in which the wind comes. The leading edge of the plate faced to the wind direction is symmetry wedged . The time sequence of longitudinal velocity component at 100 locations, with the nearest distance from the plate surface is y=0.5mm has been finely measured by IFA300 with resolution higher than Kolmogorov dissipation scale. For each measurement position, the sampling frequency is 50K, sampling time is 21s, 1048576 samples of the anemometer output signal are digitized in each database file by the 16-bit A/D converter of model UEI-WIN30DS4.The semi logarithmic mean velocity profile normalized by wall unit is given in Fig.4 , where , . The skin friction velocity estimated by regression between and is m/s and the skin friction coefficient is fluid from the outer layer sweeps downwards and makes the local longitudinal fluctuating velocity component of the measured location increased. The time of this process is very short, but the effect is very strong and their behaviors are similar. These universality provide important clues to understand the mechanism if turbulence production and transport of heat, mass, momentum in wall turbulence. Out of the turbulent boundary layer, their intensities are so small and can be neglected. Fig.9 shows the p-th order from the first to the sixth structure functions of wavelet coefficients for y calculated by the ESS scaling law within multi-scale coherent eddy structures. The anomalous scaling law calculated by wavelet coefficients is shown in Fig.11 
V. CONCLUSIONS
Turbulent flow is made up of multi-scale eddy structures, and different scale coherent structures exist at scales that are smaller than the most energetic scale corresponds to the peak of energy contributions. Buffer layer is the most important region of turbulent boundary layer for turbulence production with the most active coherent structures.
Besides scales of coherent eddy structures are quite different, phase-averaged evolution shapes of multi-scale coherent eddy structures are similar, which implies the evolvement process of coherent eddy structures on different scales share common characteristics.
Multi-scale coherent structures are responsible for the intermittence and anomalous scaling law in turbulence. Multiscale coherent structures lead to the anomalous scaling law that deviate Kolmogorov linear scaling law. When multi-scale coherent structures are eliminated, the ESS scaling exponents calculated by wavelet coefficients are recovered to Kolmogorov linear scaling law.
